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Abstract
This study involves the use of the CFD code, FLUENT, to predict the formation
of droplets in a piezo inkjet printhead. Specifically, the velocity and diameter of the
droplets formed is to be determined. There have been no solutions to such a problem
using FLUENT and its capability to handle such a problem is assessed.
Measurements of the actual droplet size and velocity are obtained using a Phase
Doppler Particle Analyzer, PDPA. This has been established as a non-intrusive method
of simultaneously measuring diameter and velocity ofdroplet distributions on the order
ofmicrons in size. These measurements were compared with the CFD solutions to
determine the success of the CFD models.
Three different CFD models were used, each differing in complexity. The most
complex, full three-dimensional model revealed very good results. The diameters
predicted by the CFD model average 47 um, which only differed by 15% from the
measured values of the PDPA, which averaged 41 um. The velocity that was predicted
by the CFD model was approximately 0.87 m/s, which was within 30% of the measured
average of 0.68 m/s. These are acceptable results considering the complex nature of the
problem and the lack ofprevious solutions. The deviations in the other CFD models
were larger but results were still reasonable. This study has established the use of
FLUENT CFD software as a potential tool in the study and design ofpiezo inkjet printing
systems.
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Nomenclature
c constant
5 fringe spacing
D diameter
E dissipation rate
E beam separation
F Force
* scalar quantity
* beam intersection angle
f transmitter focal length
g gravity
Y surface tension
Gb turbulence generation due to buoancy
Gk turbulent kinetic energy production
1 turbulence intensity
k turbulent kinetic energy
X laser wavelength
1 length scale
X damping constant
m mass
H viscosity
W turbulent viscosity
P pressure
P density
Re Reynolds Number
a normal stress
T shear stress
T time
u x-component of velocity
V y-component of velocity
V Velocity
V Volume
w z-component of velocity
CO piezo frequency
cod Doppler Frequency
X position
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Chapter 1
Theory
1.1 Differential Fluid Motion
The differential equations of fluid motion enables point by point knowledge of a
flow field. These Equations are the conservation ofmass and Newton's second law of
motion. They can be developed using infinitesimal systems and control volumes such as
shown in Figure 1.1.1.
y
^Control volume
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Figure 1.1.1. Differential Control Volume
The conservation ofmass in word form is simply:
[Net Mass Flux Through the Control Surface] +
[Mass Rate ofChange Within the Control Volume] = 0
The net rate ofmass flux out through the control surface is given by:
dxdydz
dpu dpv dpw
ck dy dz
The mass within the control volume is the product of the density, p, and the volume,
which in this case is the infinitesimal control volume dx dy dz. Therefore the rate of
change per unit time of the mass in the control volume is:
dp
-dxdydz
at
Assembling the above equations into the statement of the conservation ofmass yields the
continuity equation in rectangular coordinates.
dx ay dz ct
Substituting the vector operator, V, yields the vector form of the continuity equation as
follows:
- dp
V-pV +^ = 0 (1.1-2)ct
Finally, for an incompressible flow, the density, p, can be assumed constant and the
continuity equation can be simplified to:
V-F = 0 (7.7-3)
Newton's second law can be used on an infinitesimal control volume to obtain the
differential momentum equations. First, the second law states that 'the net force acting
on a particle is equal to the time rate of change of the linear momentum of that particle',
or:
dV
F =m (1.1-4)
ct
The velocity function of a fluid particle, however is an explicit function of time as
well as position and the position is also a function of time. Therefore, the total or
substantial derivative must be applied to represent the acceleration of a fluid particle.
That derivative is:
DV dV dV dV dV (1 1 ^
= + u + v + w U-l-5)
Dt ct ox cy dz
Once again, using vector notation the substantial derivative can be written as a sum of the
local and convective terms as:
DV dV ,- x-
(1.1-6)
Dt a
The forces acting on the infinitesimal control volume must now be considered.
There are the body forces that act directly on the mass of the fluid element and the
surface forces such as pressure and shear. The forces will be derived in the x-direction
only to obtain an expression for the conservation ofmomentum in the x-direction. These
ideas can then be simply expanded to include the other coordinate directions.
The stresses at the center of the infinitesimal control volume will be taken as axx,
Tyx and Tzx. Figure 1.1.2 shows the resulting surface stresses when Taylor series
expansion is used about the center of the element.
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Figurel.1.2. Surface Stresses in the x-Direction
Summing these forces yields the net surface forces in the x-direction. The body
force of gravity is then added to this total surface force and upon substitution into the
original second law Equation yields the conservation ofmomentum in the x-direction.
Du do dx^ dr7y
P^
= P8*+^c + +dx dx (1.1-7)
Next, the stresses must be related to the motion of the fluid. For aNewtonian fluid the
stress components can be expressed as linear functions of the rate of strain. The stresses
may then be expressed as follows:
r.rv =Tyx=M
dv du
\dx dy)
du dw
r-=r"=/^ +^
2 - du
cra=-p--MV-V +2^
3 dx
Finally, introducing these expressions into Equation 1.1-7 gives the Navier-Stokes
Equation for the x direction.
Du eft d
Pl=Pgx~~dk +
du 2 d_
dy
M
(du d^
Key dx)
d
+
dz
( dw du
\dx dz
(1.1-8)
The same methodology is used to derive the y and z direction equations as well.
These general differential Equations contain the basic unknown parameters ofvelocity (u,
v and w) and pressure (p). This results in four variables with four Equations, the
continuity Equation and the three momentum Equations. Density and viscosity are
normally functions of temperature and introducing the conservation of energy equation
allows for the inclusion of temperature effects in the system. However, when the density
and viscosity are assumed to be constant and all temperature effects are neglected the
momentum and continuity Equations can be used alone to solve for the velocity and
pressure.
The complete set of incompressible, constant viscosity Navier-Stokes Equations
are:
P
Du
Dt
dp
pgx-^~+M
dx
( dl dl dl \d u d u d u
~ + + -
\dx~
dy
dz1
Dv
P~5t=PSy
Dw
p-
dy
dp
+ P
( d2v d2v d2v^
+
Kdx1 dy1 dz1
' d2w d2w d2w^
D7
=pg-^+ dx2 dy2 +
-
dz2
(1.1-9a)
(1.1 -9b)
(1.1 -9c)
The final Equation, 1.1-10, is the momentum equation in general tensor format
which is most often used in computational fluid dynamic codes.
d , ^ d
a
M+^t{^uj)= d
dx P
j V
dij chj
dx . dx.
2 dut
y
\J> dxj)J
dp
-7jr+^ + F<
(1.1-10)
1.2 TurbulenceModeling
Almost all flows ofpractical relevance are turbulent in nature. This means there
are a large number of entangled vortex elements, or eddies, which contribute to the
diffusion ofmass, momentum and heat. This is a highly nonlinear, time dependent
phenomenon. The largest eddies are produced by shearing actions between flow streams,
shearing between flow and wall boundaries and from heating of fluids. These large
eddies extract kinetic energy from the mean flow to maintain a turbulent motion. This
kinetic energy is cascaded down as the large eddies break into smaller and smaller eddies.
This energy is then converted to heat through viscous dissipation. Overall, turbulence is
chaotic, but not random and can be modeled as a stochastic phenomenon.
Reynolds averaging is one method used for the conservation Equations in
turbulent flow analysis. This procedure involves representing a conserved scalar
quantity, say <|>, with amean value and a fluctuating value such that:
0 = 0+0' (1.2-1)
The generic transport equation for <j) includes the accumulation and convection terms on
the left side and the diffusion and source terms on the right:
%0)+ ^-{pu,0) =D,+S, (1.2-2)dt oxi
Using the definition of <j> from Equation 1.2-1 and assuming that all density fluctuations
are negligible, the transport equation becomes:
dt dx, ox.
The accumulation, convection, diffusion and source terms are all identical to
Equation 1 .2-2, except that they are now represented with the time averaged value for
each quantity. For convenience these average values will no longer be represented by the
overbar. Equation 1 .2-3 does contain one new term,
u'0'
. This term, when multiplied by
the density represents the diffusion of (j) due to turbulent fluctuations.
The method can be applied to the momentum equations. The velocity is
represented as a mean value and a fluctuating value, like <(> above. This results in a
momentum equation for analyzing turbulent flows.
dt [pu)+^-{puiuj)
=
( r
dx dx,
P
dm du,L + -
Ldxj dxi
2 du,
~P
3 dx. -&
+ Pgi + Fi+T-{-Pu'u'j)
dxj dxj
(1.2-4)
This equation is accounting for the dissipation ofvelocity due to turbulence fluctuations
with the term pu]u'j , known as the "Reynolds stresses". This term is a symmetric,
second order tensor since u\u'j =
u'ju'
. In order to bring closure to the turbulent flow
solutions some method must be used to evaluate these Reynolds stresses in terms ofmean
flow quantities. There are several well knowmethods or models available to accomplish
this.
The standard k-c model will be used here. It is an eddy-viscosity model in which
the Reynolds Stresses are assumed to be proportional to the mean velocity gradients.
This assumption is known as the Boussinesq Hypothesis and the constant of
proportionality is the turbulent viscosity, pt- The resulting Reynolds stresses are
analogous to the shear stresses in the standard momentum equation with the form:
2
pu'iU'^p-kSy-u
du, du.'- + -
Kdxj dx,
2 dui
+~P, Sa
3 etc,
" (1.2-5)
Therefore, the Reynolds averaged momentum equation is actually the same as a laminar
model except the viscosity, p, is replaced by an effective viscosity, peff = p + Pt-
In the k-s model, the turbulent viscosity, pt, is proportional to the product of a
velocity and length scale, which in turn are obtained from the turbulent kinetic energy, k,
and the dissipation rate of that energy, s. This results in an expression for p,.
H=pCM (1-2-6)
C^ is an empirically derived constant. The velocity scale is k m and the length scale
.1/2(k /e) . The values for k and s are obtained from the conservation equations:
+Gk+Gb-pe (1.2-7)(pk)+ (pu,k) =dr ' dx, ' ' dx
fi, dk
|U)+|:^) = |-|^-#l +CI.(G4+(l-C3,)Gj-C2.pr (1.2-8)
Kaedxu
,2
i
\-
k
\-
~i/~D/
- ier-
.
In these equations Gk is the turbulent kinetic energy production rate and Gb is the
turbulence generation due to buoyancy. Cu, C2z and C3E are empirical constants and Ok
and aE are
"Prandtl"
numbers which govern the diffusion ofk and s. The empirically
derived values for these constants are:
Cu=1.44 C2e=1.92 C^ = 0.09 <yk=1.0 oE=1.3
These values have been fine tuned over years of experimentation with a wide range of
isothermal flow conditions.
The initial values for k and s can be calculated from parameters known as
turbulence intensity, I, and length scale, 1. The turbulence intensity is often determined
from knowledge ofupstream flow conditions. It can be estimated from:
/ = 0.16(Re-)"^ (7.2-9)
The turbulence length scale is restricted to the size of the duct in internal flows. A typical
relationship between the size of the duct and the length scale is
1= 0.07L, where L is the
diameter of the duct. From these parameters values can be calculated for k and s.
k=y2(uavgij (1.2-10)
3 k^2
* =q4 d-2-ii)
Turbulence modeling also uses a variety ofwall treatment models. The standard
wall functionwill be used. An equilibrium assumption is used to derive the boundary
conditions for k and c. The production and dissipation of turbulence are assumed equal
in the boundary layer.
Thus at a point in the boundary layer, P, the turbulence dissipation is:
3/ 3.
p=^TJL- (1-2-12)
kyp
The value for k is computed by solving the complete transport equation for k with the
shear stress in the production term and a zero normal gradient at the wall.
1.3 Surface Tension
Surface molecules at the interface of two different fluids are subject to an
attractive force of nearby surface molecules so that the surface is in a state of tension.
This tensile force per unit length along the surface is called the surface tension, Y, at the
interface of the two fluids.
The surface tension of a fluid drop creates a higher pressure within the drop than
exists in the surrounding fluid. This excess pressure inside the drop acts upon the cross
sectional area and must be counterbalanced by the surface tension acting on the
circumference. For a simple spherical drop the pressure increase, Ap , is simply 2Y/r
where r is the radius of the sphere. This is illustrated below in Figure 1.3.1.
3* Y
Ap(7rr2)=Y(27rr)
Figure 1.3.1. Surface Tension on a Spherical Drop
One model of surface tension, which is used by FLUENT, is a Continuum Surface
Force, CSF, model. The surface normal, n, is defined as the gradient of the volume of a
secondary phase, n
= Vs2. The curvature, k, is then defined as the divergence of the unit
normal n, where n = , .In
>c = V-n =
f \
>l /
n|-(V-n) (1-3-1)
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This surface tension can be written in terms of a pressure jump across the surface
between the two fluids. Through the divergence theorem, the force at the surface can
then be expressed as a volume force, which appears as a source term in the momentum
equation on the side of the interface corresponding to the secondary phase.
FM/W = 2o-J_f()f2Vf2 (1.3-2)
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Chapter 2
UltraJet Printhead
2.1 Inkjet Printing
Piezo inkjet printing is a non-contact digital printing method which produces
images with computer controlled droplet formations. This technology is used mostly in
industrial marketing applications such as printing onto shipping cartons and direct mail
pieces. The inkjet printhead is capable ofhigh-speed operation and is highly durable to
withstand temperature, dirt, shock and vibration. The printhead can be mounted
stationary as well as incorporated directly into online production methods.
TheUltrajet printhead, manufactured by Trident International, will be used for
this experimentation and modeling. It is a single printhead system capable ofproducing
alphanumeric characters, logos and barcodes up to 1 .9 inches tall. This versatile
printhead has no pumps, valves or moving parts and can create up to 2.3 million droplets
per second. This allows for online printing speeds as fast as 20 feet per second. The
Ultrajet has 32 individually controlled ink channels and a total of 256 droplet
producing orifices.
There is completely self-contained printing system control box for use with the
Ultrajet printhead. It is capable ofproducing alphanumeric codes on its own and has
the ability to download and save custom logos from a host computer. There are also test
fire features, which will be used for amore direct control over the single firing of
individual channels for experimental purposes.
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2.2 Piezo Response
The technology behind Trident'sUltrajet printhead is the piezoelectric crystal.
This lead-zicronate-titante (PZT) material changes shape when an electric field is applied
across it. In the printhead, the piezo element that forms the back wall of the ink chamber
is slowly subjected to an increase in voltage.
'Slowly'
refers to a time increment of about
50 ps. This causes a reduction in length of about 0.000020 inches. This change draws
ink into the chamber, through the small duct near the piezo surface. The voltage is
rapidly reduced causing the piezo to return to its original size and acting as a piston to
force the ink out of the orifices. The momentum in the tiny ink drops allows them to
break free from the orifice and project away from the printhead. The actual motion of the
piezo is not simply a flat out return to its original size. It is actually a damped vibration
response with a frequency of around 45 kHz that dies out to less than 10% over a period
of approximately 100 ps. This response is approximated by function 2.2-1, which
represents the position of the piezo surface as a function time.
X(T) = (2.2-1)
The time T=0 represents the initial removal of the voltage when the piezo is at its
maximum decrease in length. The constants in the above equation were determined to be
X0 = 0.000020, co = 1/period x 2n = 90,000tt and X = 23,025. The damping constant, X,
was calculated by setting X/Xo equal to 0.10 at a time of 100 ps. This response is plotted
in Figure 2.2.1.
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Piezo Response
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Figure 2.2.1 Piezo Response Curve
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2.3 Geometry
The Printhead consists of three main parts; the main body, the restrictor and the
chamber plate. The sketch in Figure 2.3.1 shows these three parts and their relationship.
The main body houses the electronic circuitry, the piezo elements and the inlet port for
the ink supply. The chamber plate contains the individual ink chambers and the main ink
manifold. The third part is the restrictor, between the other two parts, which allows the
ink to travel from the manifold into each individual chamber.
Cicuit Boc.'" :
Ink jr.ie-t-
- Indi viduo [nl- Z^ a r be r 5
.
/Ink Manifold
.....,-,
F FLATE
RESTRICTOR
MAI . BDDf
Ll*
-EleeoJ Hole
P ezc E snsnts
Figure 2.3.1 Sketch ofPrinthead Assembly
Ink enters the printhead though an inlet on the side of the main body. It then
flows out of the main body, through the restrictor and into the chamber plate filling the
ink manifold. At the other end of the manifold the ink is allowed to flow back into the
main body and out the side through a bleeder type valve. This allows for removal of air
during priming of the printhead. The restrictor is only 0.00175 inches thick. This
creates a very small duct connecting the manifold to the individual ink chambers. These
0.050-inch diameter holes mate with the holes in the restrictor, allowing the piezo
element on the main body to form the back wall of the chamber.
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The geometry of the individual ink chambers changes from a round hole to an
offset oval shape about halfway through the chamber plate. At the other end of these
chambers, on the outside surface of the chamber plate, there are eight small orifices
through which the drops are created. A single ink chamber will be the focus of this
model.
: -
n
'. r- I'- ~-r
_
"
= _:
- L- ]_[
- :\i : :r-'-r '_-----,
Figure 2.3.2 InkChamber Geometry
The cross section drawn in Figure 2.3.2 is to show the geometry of a single
internal ink chamber. It is not a properly drawn cross section, as the centerlines of the
round section and oval section are offset, but it does show the maximum opening sizes
through the chamber. All dimensions are in inches. The 0.001 75-inch ink inlet duct
created by the restrictor is 0.027 inches wide and is shown to be on the opposite side of
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the chamber centerline as the row of orifices. This is only true for halfof the chambers
on the chamber plate. The rest of them are offset in the other direction giving a staggered
set of orifices. This is shown below in Figure 2.3.3. An orifice chamber with the above
orientation will be used.
Figure 2.3.3 Printhead Orifice Layout
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2.4 Ink
The ink used in theUltrajet printhead is Versaprint 300 black ink. It is a
glycol-based ink that is both non-volatile and non-toxic. The density of the ink is 1090
kg/m . The viscosity was experimentally determined to be approximately 60 mPa-s at
room temperature. This viscosity however is very temperature dependent. TheUltrajet
printhead is electronically heated during operation to a set temperature. This keeps the
ink in the manifold and the individual ink chambers at the designated operating
temperature. The exact nature of the temperature dependence of this property is not of
interest for this particular study. The actual viscosity at the operating level was obtained.
This value is 14 mPa-s.
18
Chapter 3
CFD Modeling
3.1 Modeling Procedures
The objective of the CFD analysis is to determine the diameter and velocity of the
droplets formed by the printhead. The commercial CFD code, FLUENT, will be used to
obtain this solution. The modeled printhead will fire droplets of the glycol ink into
stationary air at standard atmospheric conditions. This firing action is created by the
motion of the piezo element at the rear of the printhead chamber. The direction of firing
will be in the x-direction and gravity will be applied in this direction to simulate the
downward operation of the printhead. It will be more convenient to create the grid and
geometry, as well as to follow the solution more clearly with this orientation. Heat
transfer will be neglected, and the ink will be assumed to have constant properties
throughout the problem.
The solution to a proposed problem in CFD is most dependent on the model
developed to represent the real life physical problem. There are many assumptions and
simplifications that can be done to achieve a solution. The assumptions and
simplifications that will affect the model the most are the ones to be made about the
actual physical geometry. There will actually be three different geometry models solved
here. This is done to slowly develop the final model. These initial simplified models are
used to verify FLUENT's ability to solve the droplet formation problems. Problems in
the solutions will be easier to fix with simpler models and then these methods can be
extended to a more complex, complete model. The first model will be the most
simplified and will only model a single orifice on the printhead surface in three
19
dimensions. The second model will be a two-dimensional model of the mid-plane at the
orifices and will include the internal chamber. Finally, a full three-dimensional model of
the orifices, internal chamber and pressure inlet section will be solved. The second and
third models will both take advantage of symmetrical features in the geometry and will
therefore only model halfof the geometry.
The first, and possibly most important, part of any CFD solution is the
computational grid. It is also perhaps the most difficult part, especially for a complex
three-dimensional geometry. The preprocessing module for grid generation in FLUENT,
PreBFC, was used to generate the geometry and grid for all three models.
The geometry was created with dimensions from Chapter 2.3. Although these
dimensions are in inches and the FLUENT solution will be done in metric, there is a
conversion factor applied when transferring the grid file into FLUENT. Generating the
geometry must be done in a carefully planned manner. The proper definition ofpoints,
curves and surfaces is critical. When mapping the outer surface boundaries for the grid,
the orientation of every surface in the physical domain must be transferred into the
computational domain. The naming designations must also be easy to follow since the
coordinates in the I-J-K computational domain must be specified for all surface-defining
points.
The actual generation of the grids was done using a structured, body fitted
coordinate system. All of the surfaces were mapped first. A weighting function was
used to redistribute nodes along certain edges. This is done to concentrate more, smaller
nodes in areas of concern and leave largermore spaced out nodes in areas of less interest.
Particularly, the node concentration is high in the orifices and just at their exits. The
sparsest areas of the grid fall in the outer regions of the air space. After designating the
outer surfaces, the grid was interpolated, often in several sub regions. A spacing control
function was used to smooth the grid. Finally, a built in error diagnostic was run to be
sure there were no cell errors in the grid.
The process differed slightly for each model and most often the grid had to be
regenerated several times, each improving slightly on the previous attempt. The full 3D
grid had to be done many different times to eliminate problems. Early versions of the
grid included areas of folding, unacceptable grid spacing and severe grid skew.
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The Volume ofFluid (VOF) method will be used as the main model. This model
is used for two ormore immiscible fluid phases and in particular, the interface between
them. A single set ofmomentum Equations is solved for both phases and the volume
fraction of each is tracked throughout the domain. The surface tension option will also be
activated. The phases were defined as AIR and INK and all physical constants were input
with the appropriate values. The properties of the ink, from chapter 2.4 are:
p = 1090
kg/m3
p = 1 4e-3 Pa-s
The air was set with the standard atmospheric condition of:
p = 1 .293
kg/m3
p = 1 .72e-5 Pa-s
The body forces option was used to set the acceleration of gravity to 9.81
m/s2in
the x-direction. A reference density needs to be set in an area of the flow field that will
always contain the most dense fluid so the appropriate cell was chosen for each model. A
reference pressure was also set. This however, is set at a cell that always contains the
primary phase, air. Once again the appropriate cell was chosen for each model.
The filling action of the ink chamber presents a very interesting problem in itself.
The effects of the internal geometry and possibilities of air bubble formation are not the
focus of this study, but could be very useful in the design of the interior chamber. For
this model, however, the internal ink chamber will be started out as full with ink. This
will be accomplished with the patch command in FLUENT.
The question of turbulence modeling is a somewhat interesting situation. The
calculated Reynolds number based on internal geometry and maximum possible flow
rates still falls well within the laminar flow range. The fluctuating nature of the piezo
inlet and the sharp geometry changes, both entering and exiting the orifice holes will
create secondary, vortex flows. The k-s turbulence model will therefore be used to
account for these phenomena. It is FLUENT's most robust and economical model that
provides a reasonable degree of accuracy. Although turbulence will affect the solution, it
is not the primary feature of the flow field and it would not be prudent to waste extensive
computational effort resolving the turbulence with more complex models. The
parameters necessary for turbulence specifications at the boundaries are the characteristic
length and the turbulence intensity (see Chapter 1.2). The characteristic length, l, will be
set at 50.8 x IO"6, which is the orifice diameter in m. The Intensity will be 7.5 % from
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Equation 1 .2-9. The values for the exit plane, which is a pressure inlet, will both be set to
1 since any disturbed air entering through this boundary will have very little turbulence.
The problem is time dependent. A time step of 1 ps (1 x
IO"6
seconds) will be
used. This may seem very small, but it needs to account for the action of the piezo as
accurately as possible. This time step was chosen to give 100 distinct times to apply the
fluctuating inlet velocity.
The boundary conditions for all internal chamber geometry will be modeled as
simple walls with no heat transfer. The ink inlet will be modeled as a total pressure inlet.
An area of "air space"will be created outside of the printhead to follow the formation of
the drop in the surrounding air. The sides of this rectangular region will be modeled as
symmetry boundaries to account for the continuation of the printhead surface and the
possible effects of adjacent sets of orifices. The exit plane of this air space will be
modeled as a relative static pressure inlet. The most difficult boundary condition to
simulate will be the actual piezo element.
The piezo element in the printhead chamber will be modeled using a time
dependent inlet velocity. This method assumes that the ink in contact with the piezo
element will be moving at the same velocity, both direction and magnitude, as the
vibrating piezo. From chapter 2.2, it is known that after the initial voltage is removed,
the surface position of the piezo element follows the function:
X(T) = (2.2-7)
Where:
X0 = 0.000020 inches
co = 90,000tt
X = 23,025
This function can simply be differentiated with respect to time to obtain a
function defining the velocity of the piezo surface. Based on the above assumption, this
function will therefore give the velocity inlet of the ink as a function of time.
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-XTU(T)= X0e"A1[Xcos(coT)+cosin(coT)] (3.1-1)
The input options for FLUENT boundary conditions do not allow for a function
of the above form. An excel worksheet was used to fit a series ofpolynomial functions to
the Equation 3.1-1 over the range from 0 to 100 ps. This was accomplished by first
creating 1000 data points with Equation 3.1-1 and then fitting four different polynomials
with the
"linest" function in excel. Four separate functions had to be used because
FLUENT only accepts coefficients with amaximum value of 1 x IO20. The extremely
small values for T resulted in extremely high coefficients for any higher order
polynomials. The functions were then converted to m/s for convenience. All functions
for the velocity input follow the form:
U(T) = Ci+C2T+C3T2+C4T3+C5T4 (3. 1-2)
The actual velocity curve and the four derived functions are shown clearly in
Figure 3.1.1. The functions approximate the actual velocity very well. There are slight
discrepancies at the transition points from one function to the next, but this should not be
a problem. The actual effects of the velocity profile functions in FLUENT are going to
be more of a discontinuous step function because of the time stepping of the time
dependent solver. There will basically be 100 different inlet velocities calculated from
the derived functions. The importance of such a small time step can be seen here. If a
larger step were to be used, there would be even fewer values to approximate the inlet
velocity at the piezo.
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Piezo Response
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Figure 3.1.1 Piezo Inlet Velocity Model
The inlet boundary condition for the piezo element surface has now been defined.
In summary, with T in ps and U in m/s, the time dependent inlet velocity is:
0<T<26 U = F1(T)
25<T<51 U = F2(T)
50<T<76 U = F3(T)
75<T<101 U = F4(T)
T>100 U = 0
The coefficients determined for the above functions, in the form ofEquation 3.1-2, are:
C5 C4 C3 C2 C1
Function 1 -1.0311E+19 6.7836E+14 -1.3691 E+1 0 8.3367E+04 -2.1745E-02
Function 2 -9.0974E+18 1.3864E+15 -7.7144E+10 1.8517E+06 -1.6133E+01
Function 3 -3.8669E+18 9.3240E+14 -8.321 6E+10 3.2554E+06 -4.7058E+01
Function 4 0.0000E+00 -3.4321 E+1 3 9.1050E+09 -8.0093E+05 2.3358E+01
The solution controls were also modified slightly to speed convergence. The
multigrid solver was activated for pressure and set to level 6 with a termination criteria of
0.001 . This multigrid solver uses several, 6 in this case, different grids for each iteration
to solve the pressure field. It starts with a very coarse grid and then progresses to finer
grids, continuing back to the actual grid size. The termination criteria determines when
the grid level changes in the multigrid solver. This method is highly effective in
FLUENT for solving complex, unsteady pressure fields, particularly when the time step
is very small. The line gauss parameter was also modified slightly. This controls the
sweeping and marching direction of the solver for the other variables. The marching
direction is set to the I direction because it is always best to march the solver in the
direction of the primary flow.
After selecting the appropriate models and setting boundary conditions, the initial
patch of ink was generated within the chamber. The solutions were then initialized and
followed throughout the development of the droplets. Various graphic outputs and data
files were collected to analyze the solution. The residual plots were also a very powerful
tool in following the solutions. Often these plots helped in determining the proper
underrelaxation criteria for each individual solution.
The following three sections give a detailed account of the grid generation,
solution development and intermediate results of each of the three computational models
developed. Chapter 3.5 contains the final results and the methodology for obtaining
them. These results include the diameter and average velocity predictions for the
droplets.
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3.2 SimpleModel
The first and least complicated model will be referred to as the
"simple"
model.
Its purpose is to serve as a preliminary study ofFLUENT's ability to handle the droplet
formation problem. Procedures and results of this model will be used to effectively
create the actual 2D and 3D representations of the droplet formation in the ink chamber
orifices. The simple model will be a three-dimensional representation of a single orifice
on the print-head face. This 0.002-inch diameter by 0.003-inch long cylindrical orifice
will be modeled along with an air space going to a length of 0.050 inches. The sides of
the air space will be modeled as symmetry boundaries. In the z-direction, the length will
be 0.007 inches. This represents the distance from center to center of the orifices on the
print head. Modeling the z direction with this length will allow for this to be an accurate
symmetrical simulation of any of the interior orifices in the row of eight. The y direction
was chosen to be 0.020 inches. At this distance the air effects should be near negligible
and the symmetry boundary will still account for the continuation of the print-head
surface.
The outlet boundary is a pressure inlet with a relative static pressure of 0 Pa,
representing the stagnate atmospheric air. The inlet will be a velocity inlet ofvarying
time dependent functions, as defined in section 3.1, but in this case the magnitude will be
scaled based on the mass flow rates. There will be no ink pressure inlet and it will be
assumed that all of the mass flow of ink generated by the piezo will be transferred
through the orifices in an evenly distributedmanner. Using this assumption a factor of
78.125 was applied to the original function derived for the piezo velocity inlet simulation.
U(T)simp,e = U(T) x Apiezo / 8 x Aonfice = U(T) x [7i0.0252]/[8ti0.0012] = U(T) x 78.125
This factor increased the values of the coefficients beyond the acceptable range
for FLUENT. The functions were modified to cubic functions with some constant values
of transition between functions. This requires several inputs of different velocity inlets
during the solution process, but this will not be a problem.
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The Input velocity model used is:
0<T<.2.4e-5; U = Function1(T)
2.4e-5 >2.7e-5; U = 5.7813 m/s
2.7e-5<T<4.8e-5; U = Function2(T)
4.8e-5 -> 5.1e-5; U = 3.5938 m/s
5.1e-5<T<7.5e-5; U = Function3(T)
7.5e-5<T<10.0e-5; U = Function4(T)
T>10.0e-5; U = 0 m/s
F(T) = C1 + C2T +
C3T2 +
C4T3
C4 C3 C2 C1
Function 1 1.271793E+16 -4.231 387E+11 2.9381 12E+06 2.689497E+00
Function 2 1.705338E+15 -1.244785E+11 1.824878E+06 1.382105E+01
Function 3 -2.741995E+15 5.500714E+11 -3.6341 96E+07 7.9041 82E+02
Function 4 -2.681 311 E+1 5 7.113306E+11 -6.257292E+07 1 .824846E+03
This velocity modeling function is shown in Figure 3.2. 1 . It is very similar to the
originally derived velocity model. The accuracy is not as good and obvious deviation
from the actual function can be seen, particularly in the areas where the constant filler
values were used. Since this computational model is, at best, an estimation of the basic
formation ofdroplets and not necessarily concerned with precise accuracy ofvelocities,
this function is adequate for the velocity inlet of the simple model.
Piezo Response
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Figure 3.2.1 Simple Velocity Inlet Function
The simple three-dimensional geometry was created and a grid was generated in
FLUENT PreBFC. The grid size is 40x30x20, resulting in 26,691 computational cells.
Dead regions were used for the solid wall areas of the print head. The grid inside the
orifice is 15x10x10. The air space grid was stretched in to concentrate more cells near
the area in which the droplets will be formed. The final grid is shown in Figure 3.2.2.
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Figure 3.2.2 Grid, Simple Model
Figure 3.2.3 shows a close up front view of the slice K=10. This midline slice will be
used formost plots as it shows the centerline of the orifice and thus best represents the
behavior of the forming drop.
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Figure 3.2.3 Close-Up View ofGrid on the Slice K=10
The solution was initialized and continued for a total of 365 time steps. At the
final time of 365 ps the droplet formed begins to exit the computational field. The
solution does a good job of forming the drop and following its progress across the air
space. The residuals history plot, Figure 3.2.4, shows the convergence criteria is
maintained for all variables throughout the solution time steps, except for the very first
few residuals for Turbulent Energy and Dissipation. The residuals for pressure and
velocities, especially the u-velocity, follow a pattern almost analogous to the velocity
input function plotted in the beginning. When the velocity input function is at a
maximum positive velocity, the residuals plot is at its minimum. As the velocity plot
goes down and then to its maximum negative value, the residuals increase to their
maximum values and then the process seems to repeat. At the time when the input
velocity goes to zero, the residuals for all velocities drop dramatically and then begin to
increase. The zero velocity inlet interfering with the tendency of the air circulation
behind the drop to draw ink out of the orifice may cause this increase. The vortex
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patterns of the air flow around the drop cause the air directly behind it to have a positive
velocity, but the ink in the orifice is stuck at a zero velocity. This increase in residuals
may be due to this slight conflict of flow patterns. As the drop moves away from the
orifice this increasing residual effect begins to die out and the residuals return to a stable
pattern.
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Figure 3.2.4 Simple Model Residual History
The initial condition of the orifice is shown in Figure 3.2.5. The starting volume
of ink has been patched to fill the orifice and the model is ready for the inlet velocity to
be applied. This is the slice K=10, as are all plots in this section unless otherwise noted.
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Figure 3.2.5 Volume Fraction Plot at T = 0
As the solution begins, the successive time steps show the ink beginning to
squeeze out of the orifice in a jet like stream. At a time of20 [is, the velocity profile has
just passed its maximum negative value, as seen in Figure 3.2. 1. The volume fraction
graphic at this time shows the ink being drawn back into the chamber and the momentum
of the initial jet is resisting this negative motion and beginning to break free. Figure 3.2.6
shows this time just before the actual break-away point of the drop, which occurs
between a time of22 and 23 |is.
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Figure 3.2.6 Volume Fraction at T = 20 us
The droplet breaks away from the main body of ink and continues on through the
air. An observation of the velocity vector plots shows that the speed of the drop is
reduced greatly in the first few steps after it breaks free and then continues to slow
gradually. The maximum velocity in the ink drop at 20 p.s is as high as 10 m/s. This is
reduced to a value around 4 m/s by the time of40 jis. The air drag is decelerating the
drop and forming vortex flows in the air all around the drop. Figure 3.2.7 shows the
velocity vectors at 40 \xs and then Figure 3.2.8 shows the volume fraction at this time.
5 BBC on
aar.no
S <aCOO
% MC-HD
S DfllMlO
b.mi
<.
?._)
< D':l.[il
3 34 1.DD
3 44C-00
3 }<f.00
3 -tC'IlD
: ear. no
> nc.no
: < jl.dd
: iji-citi
; oar.no
1 SJC-00
j <JCO0
1 MC-00
j -f.iil
a ttt-U
a j-jf-Di
< (--
: uiiL-Dj
a ar-oD
JX
Simple Model
Velocity Vectors |M/_)
Libba 5 __4EiDD Lmin B SS?f-0_ Time 4D0DE-D5
Apr 25 1---
Flu-r.t 4 44
Flueht I he
Figure 3.2.7 Velocity Field at T = 40 ills
K
Simple Mod_l
lr.l
V"
ti I u m _ Frattitif-,
Libba 1 ODDEiOD Lmih - 0 DDOEiDD Tim. 4D0DF-OB
Apr .5 l___
Flu_r>t 4 44
F lufcht I rit
Figure 3.2.8 Volume Fraction at T = 40 jis
The volume fraction plot shows a small air bubble that has been drawn into the
orifice. This air bubble is eventually expelled by the fluctuating surface of ink caused by
the velocity inlet function. This phenomenon would probably not occur in the actual
printhead. The assumption that all piezo action is transmitted directly to the orifices is
not realistic, as there will probably be losses within the chamber both in the positive and
negative velocities. This also means that the magnitudes of the velocity in the flow field
are probably going to be higher in the simple model than in other models and in reality.
The evolution of the drop is followed for the rest of its travel. Figure 3.2.9 shows this
over the time from 0 to 100 \xs.
The grid cells are concentrated near the orifice, since this is where most of the
changes occur in the drop. This leads to an increase in computational cell volume as the
distance from the orifice increases and in turn leads to a different representation of
volume fraction. In order to get an accurate view of the droplet shape, the ink in the
orifice is patched away so that the ink drop represents 100% of the ink on the entire grid.
This is done in all of the plots after a time of40 p.s in Figure 3.3.9.
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Figure 3.3.9 Droplet Evolution from T = 0 to 90 \is
Overall, the simple model has produced a relatively quick and effective solution.
A solution from which conclusions can be drawn and strategies for the more complex
models can be formed. Several post-processing methods are used on this simple model to
extract the diameter and velocity of the drop at several time steps. These methods and
their results are in chapter 3.5.
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3.3 2D Model
The second model will be a two-dimensional representation of a selected cross-
section of the printhead chamber. The section used does not actually exist. Due to the
complex internal geometry changes, a true cross section of the piezo centerline would not
even contain the orifices. A true cross section of the orifice mid-plane would involve a
small slice of the piezo with a very poorly represented diameter. Therefore the cross
section as drawn in Figure 2.3.2 will be used to estimate the geometry. The mid-plane of
the chamber will be used as a symmetry boundary and therefore only halfof the cross
section will be modeled. This results in four orifices in the plate. Once again a
rectangular air space with symmetric boundary conditions will follow the drop as it
develops. This air space will extend to a distance of .070 inches past the orifice exit
plane.
The geometry and grid were generated in PreBFC and the grid size was chosen to
be 200 x 50 resulting in 10,251 cells. Although this is the smallest grid, cell size, of all
three models, it is also the most dense. Only using two dimensions allows for this very
dense grid which should give a very clear solution, particularly of the drop shape. Dead
cells were used for the internal wall areas of the chamber and stretching functions were
used, mainly in the air space, to concentrate cells closer to the path of the drops. Figure
3.3.1 shows the initial interpolated grid. Areas ofdiscontinuous cell size changes are
very obvious both at the chamber side and airside of the orifices. Figure 3.3.2 shows the
grid after stretching and smoothing functions are applied. The transition from the
chamber into the orifice and then out into the air space is much smoother. Also the cell
distribution is denser at the piezo inlet and the transition between the two different cross
sections within the chamber as these areas will experience greater fluctuations in flow
patterns. The final grid is also denser near the walls and the symmetry boundary as
compared to the central area of the chamber. Finally, the air space concentrates amuch,
much denser grid at the orifice exits and in the path of the eventual drop formations. The
far-reaching areas of the air space contain fewer cells, since the flow effects here will be
much less significant.
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The outlet boundary condition is modeled as a pressure inlet with a relative static
pressure of zero Pa. The entire J=l line will be a symmetry boundary as will the other
side of the airspace. The inletwill be the time dependent velocity inlet similar to the one
defined in chapter 3.1 . This velocity function will have to be scaled like the simple
model velocity function was, however it will be slightly more complicated.
The cross section is that of a changing geometry, and the velocity inlet will have
to account for this in some way to properly model the appropriate amount of inkmoving
through the chamber and out of the orifices due to the piezo action. The orifices will be
thought of as having a width of 5.0x1 0"4^ inches into the plane of the model. This results
in a rectangular cross sectional area with the same surface area as the round orifice as
shown in Figure 3.3.3 (not to scale). The unit width, w, of the 2D model will then have
to be 5.0x\0An inches. Using this unit width, the rectangular cross section of the inlet
will have to create the same mass flux as the equivalent round piezo cross section would.
I
PICZQ
INLET"
Figure 3.3.3 Representative Cross Section ofOrifice and Inlet
Clearly, the surface area of the actual piezo and the representative cross-section
are not equal as the orifice and its representation is. In order to account for this, the inlet
velocity will have to be scaled by a ratio of cross sectional areas to produce the correct
mass flux. That ratio is calculated to be 25.
U(T)modei = U(T) x ApieZo/Arep = U(T) x [n 0.0252]/[ S.OxlO"4* x 0.05] = U(T) x 25
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Once again, applying this factor to the original velocity functionmodel results in
unacceptable coefficients. A more accurate solution is desired for the 2D model than for
the simple model and therefore a more extensive modification of the original velocity
inlet function has been done. The response function U(T), Equation 3.1-1, has been
divided into five different functions. The functions were obtained with the same method
as in chapter 3.1 after the magnitude factor of 25 was applied to the original U(T)
function. These resulting inlet velocity functions that will be used for the piezo inlet of
the 2D model are as follows:
0<T<16 U = F1(T)
15<T<31 U = F2(T)
31<T<51 U = F3(T)
50<T<76 U = F4(T)
75<T<101 U = F5(T)
T>100 U = 0
The coefficients determined for the above functions, in the form ofEquation 3.1-2, are:
C5 C4 C3 C2 C1
Function 1 0.0000E+00 6.5895E+15 -2.1288E+11 1.5458E+06 -6.661 2E-02
Function 2 0.0000E+00 -5.8877E+15 3.8119E+11 -7.6396E+06 4.6264E+01
Function 3 0.0000E+00 -1.8417E+15 2.4949E+11 -1.0960E+07 1.5595E+02
Function 4 -9.6672E+19 2.3310E+16 -2.0804E+12 8.1384E+07 -1.1764E+03
Function 5 0.0000E+00 -8.5802E+14 2.2763E+11 -2.0023E+07 5.8395E+02
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This velocity model is shown in Figure 3.3.4. It is clearly more accurate than the
modified version used for the simple model. In fact, it represents the actual function,
U(T), just as well, if not better than the original function, Figure 3.2. 1.
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Figure 3.3.4 2D Velocity Inlet Function
The appropriate properties, boundary conditions and solution parameters were
input and the initial solution for this model was patched as the full ink chamber at a time
ofT = 0. That volume fraction plot is shown in Figure 3.3.5. The model is mirrored in
the symmetry plane to represent the entire ink chamber.
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Figure 3.3.5 Volume Fraction at T = 0
The solution was initialized and continued for 1000 time steps. At this time the
droplets formed have completely exited the computational flow field. The solution
graphics in Figure 3.3.6 show the evolution of the drops for the first 90 ps. The drops are
moving in a non-uniform manner. The initial paths of the three drops that eventually
merge can be seen here. The fourth, outermost drop is the only one that seems to remain
on a straight path from the printhead. The drops will be individually referred to as drops
#1 - #4 , with drop #1 being closest to the symmetry boundary.
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The actual formation of the ink drops seems to have been solved very well. The
action of the piezo has given the ink just enough momentum to break free from the main
chamber. The vibrating piezo causes the ink surface of the orifices to fluctuate but the
surface tension forces prevent any more ink from exiting the chamber. The solution
following the drops through the air, however, does not go as well.
Drop #2 seems to be moving slower than the other drops. This can be seen most
clearly at the time of 90 ps in the last slide ofFigure 3.3.6. Drops #1 and #3 are actually
moving towards each other rather than in a straight path away from the printhead as
expected. The only drop that is behaving as expected is drop #4 which comes out of the
orifice and continues in a rather straight path for most of the solution.
Figure 3.3.7 shows a close up view of the errant drops at the time of200 ps. It
can be seen more clearly here that drops #1 and #3 move towards each other as drop #2
slows down significantly. The cause of this behavior can be seen in Figure 3.3.8. This
velocity field shows the strong circulatory airflow patterns forming behind the drops.
The velocity field in the area of drop #4 looks more as expected. There are straight
vectors for the ink drop and the two surrounding vortices produced by the displaced air.
The combination of the other three drops trailing patterns along with the fluctuating
surfaces in the orifices has drawn a large circulation pattern in from above. This pattern
ultimately forces drop #1 and drop #3 to collide and merge. Drop #2 continues to fall
significantly behind.
45
i.coexj:
9.B7C-0)
9 33C-0]
9 OOE-O]
6.37E-01
B.il'C-Cl]
B.IOE-O)
'.87C-IJ]
7 ac-oi
7.OOE-0)
B.S7C-E1J
B.33--CJ]
B.OOE-0)
5.S7E-0)
5 33E-01
S.l'OC-Ol
4.57E-0J
4.33E-0]
4 .ciae-oi
j 67E-01
3.MC-01
l.jOE-01
2.S7E-0]
2.00E-01
1 .67.-01
l.iiC-O)
I.QOE-OJ
B.87E-02
J.33C-0?
c.ooe.oo
2D Model
Ink Volume Fraction
vsx l.OOOE-'OO Mi 3.3 (ICE- 3 3 Ti 2.0C C E-C
Apr 27 : 998
FJuent 4.4 4
Fltent inc.
Figure 3.3.7 Drops at 200 ^s
1 .7 rj.-o D
00
00
1.S2E*
I.S4E-
1.38E-0D
1.3DEDD
1.22E-00
1J3E-D0
I.ISE'OB
9.73E-D]
B.92E-DI
3.: OE-Di
?.?se-c:
S^SE-B)
5.S7E-D)
4.86E-01
4.0SE-01
3.24 E- D ]
2.43E-01
1.62E-01
S.l IE-02
1.19E-05
i
2D Model
Velocity Vectors [M/S)
Max 2.350E+00 Min 1.19IE-Q5 JE-04
May 11 1998
Fluent 4.44
F I l e n t Inc.
Figure 3.3.8 Velocity Field at 200 ^is
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Figure 3.3.9 Merging Drops at 250 ps
Figure 3.3.9 shows the time of250 ps when the two drops actually merge. This
single drop continues on through the computational domain. The cause of the airflow
patterns producing this merging effect and the slowing of drop #2 could be a variety of
reasons. The first possibility is the choice of boundary conditions. It is possible that
symmetry boundary is an incorrect choice. A second possibilty is the inability of the two
dimensional model to handle the complex three dimensional swirling vortices created.
This model basically assumes that the ink drops formed are cylinders of a unit
length rather than three dimensional, spherical drops. At this point in the investigation it
is believed that this three dimensional swirling flow created by the displace air cannot be
represented with a two dimensional model.
The solution does converge rather well and the residuals show a very similar
pattern to those of the simple model. Once again, the residuals fluctuate over time in a
pattern analogous to the velocity inlet funtion. After the time of 100 ps, when the
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velocity goes to zero, the residuals reach a more steady value for the remainder of the
problem.
The actual formation of the drops was successful and the validity of these drops is
explored in chapter 3.5. The path of the drops evolution through the air was not,
however, as successful. Futher exploration into different boundary conditions may have
to be done to attempt a better sloution. On the other hand, the three dimensional model
may offer more insight into the nature of the problem. One final note is the possibility of
the misrepresented cross-section. Perhaps these results, the ink drops merging, caused by
the internal geometry of the ink chamber. This internal geometry is always a very
important aspect ofprinthead design and does have significant effects on the formation of
the droplets.
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Figure 3.3.10 Residuals for 2D Model
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Figure 3.3.11 Residuals for first 90 ps of 2D Model
3.4 Complete 3D Model
The third model will be, geometrically, the most accurate. It is a full 3D model of
the internal printhead chamber and orifice holes, along with an air space. The model will
take advantage of the symmetry of the ink chamber. This will allow the model to include
only 4 of the 8 orifices. The complex geometry, large grid size and massive amount of
post processing data make this model extremely time consuming. It does however,
clearly represent the posed problem and does not use any of the simplifying assumptions
of the "simple" and 2-D models.
The complete three-dimensional model includes the entire interior chamber, the
ink inlet area, the orifices and an external air space to follow the drops developing. A
symmetry plane can be created along the center of the chamber creating two equal halves
with four orifices each. This symmetry, as mentioned above, will be taken advantage of
and only one halfof the model needs to be generated. The geometry generated in
preBFC is shown in Figure 3.4. 1 . The flat symmetry plane can be seen clearly.
The grid size was chosen to be 72x33x39, which resulted in 99,280 computational
cells. This is actually the largest grid possible in FLUENT here at RIT. This is a very
large grid and will inevitably need massive amounts of computational time. However,
this size is necessary for such a complex problem and actually should be even larger.
The grid outer boundary surfaces mapped included the sides of the air space, the
exit plane, the inlet of the ink chamber and the wall representing the piezo element. The
walls of the actual printhead chamber and the chamber's outer surface had to be mapped
using interior dead cell regions. There are a total of 14 different interior regions mapped,
most of them accounting for the spaces between and around the four orifices. The
mapping of every surface was very difficult and absolutely required a well-defined and
well-organized geometry file. Several times, the geometry had to be recreated when it
was determined that certain features were impossible to map in the computational
domain.
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Grid stretching was performed on almost every mapped surface to concentrate
smaller cells in areas of importance and to avoid large volume changes in adjacent cells.
One example is shown in Figure 3.4.2. This is a plot of the symmetry boundary, K=l .
The top grid is before stretching and the bottom is after. The cells within the chamber
were spread in the x, or I, direction to create larger cells in the middle of each section and
smaller cells at the ends and at the transition from one cross section to the other. This
makes the change in cell volumes slightly better, since the inlet and the area just before
the orifices contain very small cells. It was necessary to have such small cells near the
inlet because the inlet duct is so small. Ideally more cells could be added to smooth the
transition even more, but as stated the number is already at amaximum. The air space
outside of the chamber was also smoothed towards the orifices, as this will be the most
critical computational area where the drops are actually formed and break away from the
orifices. In the y, or J direction, the cells were brought tighter near the orifice in the air
space and even a little within the chamber.
This process was repeated for all of the mapped surface boundaries in a similar
fashion. The most dramatic stretching effects occurred in the air space where the cells
were concentrated as much as possible near the middle where the drops will be formed
and then travel through the air. This resulted in very large cells near the far boundaries in
the air space. This should not be a problem since any flow at this distance will not be
very significant compared the area around the drops and at the orifices.
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The interpolation of the grid was done in five separate sections. The first was the
small inlet duct, followed by the initial cylindrical section of the chamber. The third
section interpolated was the oval shaped section and then the area containing the orifices.
The final section was the air space, which went from I = 36 to the end, 1=73. After the
initial interpolations were completed, the spacing-control function was used to solve the
grid and provide more uniform spacing throughout the entire grid. The spacing control
function is a partial differential Equation solver that uses the LaPlace Equation. It is
analogous to solving isotherms on a surface for which the boundary temperatures are
known. Only in this case, the external nodes are known and the internal grid lines are
solved. It took 3 1 1 iterations to reach a converged grid solution.
One example of this spacing control function can be seen in Figure 3.4.3. This
slice, J=18, falls almost at the mid-plane of the orifices and will be very useful in
monitoring the solution and producing representative post processing results. The initial
grid interpolation of this slice has very bad transition from cell to cell. The spacing
function made those drastic changes much more gradual. The grid after applying the
spacing function has a much smoother look to it than before.
The verify grid tool in the PreBFC program was initiated. It reported no grid
errors and no relative cell size problems. There were, however, many cells that contained
bad skew. This is a somewhat unavoidable situation in such a complex three-dimensional
geometry. The best way to eliminate the skew is to insert more cells in the areas of
drastic geometric transition, but that is not possible here.
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Figure 3.4.3. Grid at J = 18, Before and After Spacing Control
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Figure 3.4.4 Final Grid
Figure 3.4.4 shows the grid with the symmetry plane as a mirror plane, thus
representing the entire ink chamber. The piezo is set as an inlet and the air space outer
walls are defined as symmetry boundaries. Figure 3.4.5 is a single slice of the
computational domain. The slice shown here is the slice J = 18 which falls around the
mid-plane of the orifices. This slice will be used throughout the analysis as a
representative cross section of the drops. Since this is the mid-plane of the orifice it is the
most appropriate for following the development of the ink drops consistently. All
Figures in this section are the slice J = 18 unless otherwise noted.
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Figure 3.4.5. Final Grid, J = 18
The setup of the FLUENT solver followed the methodology and procedures as
detailed in chapter 3.1. The inlet of the ink is set at -250 Pa relative total pressure. This
was determined from the standard setup of the printhead system. In this setup, the ink
reservoir is kept at a level slightly below the printhead resulting in a negative pressure of
approximately one to two inches ofH2O. It is this negative pressure along with surface
tension forces that hold the ink in the chamber when it is not firing. The inlet velocity
function used at the piezo is the Equation 3.1.2 with the coefficients derived in Chapter
3.1.
The initial volume of ink was patched into the chamber and the solution was
initialized. The residuals were carefully monitored throughout the solution and their
significance is discussed later in this section.
57
.EirjE-OEl
-0]
-01
9.67E-
9.22E-
9.00E-0]
B.B7E-01
B.21E-0]
B.ODE-0]
7.B7E-0]
7.23E-01
7.00E-0I
6.67E-0]
B.32E-0]
B.OOE-0]
5.67E-0]
5.33E-01
5.00E-01
4.67E-0]
4 .32E-01
4.GGE-D]
3.B7E-01
3.33E-0I
300E-01
2.B7E-0I
2.33E-01
2.G0E-O]
1 .B7E-0!
] .33E-0]
] .OOE-0]
B.B7E-02
2.33E-G2
G.OClEiOG
3D Prmthead Chamber
Ink Volume Fraction
Lrnax l.OOOE-'OO Cm in O.OOOE^OO Tune 1.0 0 0E-05
Jun 02 1998
Fluent 4.44
Fluent Inc.
Figure 3.4.6. Ink Drops at T = 10 ps
The solution was monitored every 10 time steps. Figure 3.4.6 shows the ink
beginning to flow out of the orifices at the time of 10 ps. This volume fraction plot looks
similar to the initial drop formations of the previous models. The initial drops of ink
along with the slight film on the printhead surface can be seen very clearly in this cross
section. Viewing other grid slices and different angles shows the symmetry of the
forming drops.
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Figure 3.4.7. InkDrops at T = lOps, Side View of Slice I = 38
The slice 1 = 38 represents a cross section in the approximate middle of the drop
normal to the direction of flow. These circular cross sections show the spherical shape of
the forming drop and the even distribution of ink through the four drops. From a simple
visual inspection ofFigure 3.4.7 all of the drops appear to approximately the same size.
The individual drops will be referred to by number for the remainder of this chapter just
as they were for the 2D model. Drop #1 will be the drop closest to the symmetry
boundary and then they will count outward to drop #4, the farthest from the symmetry
plane. In Figure 3.4.7 drop #1 is the farthest right.
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Figure 3.4.8. Drop #1 at T = 10 ps, Front View of Slice K = 5
The front view of the forming drops is the same for all four drops. Figure 3.4.8
shows the vertical cross section of drop #1 which falls on the K = 5 slice. This view is
practically identical to the horizontal cross section in the J plane. The forming drop can
be clearly seen. There is also a slight bit of ink that is beginning to spread out on the
printhead surface. This ink will eventually be drawn to the separated drop or drawn back
into the orifice by surface tension forces.
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Figure 3.4.9. Velocity Field at T = 10 ps
The velocity field in the air as the ink drops are forming is shown in
Figure 3.4.9. The largest velocities are of the actual ink coming through the orifice and
flowing straight out into the air. The external air is being moved aside as the ink comes
through. This dramatically slows down the ink and the lost energy is transferred into
swirling vortex flows to the sides of the ink drops. It must be noted that at this time, 10
ps, the internal velocities are aproaching zero and heading towards the negative cycle of
the piezo response as seen in Figure 3.1.1. This is the reason that the ink outside the
chamber still has an even higher velocity than the ink in the orifice even though the air
drag has slowed it significantly.
One very important observation is in the non-uniform nature of the forming
vortex patterns. There seems to be a stronger swirling flow on the right side ofeach drop
than there is on the left side. This phenomena may be responsible for some slight
problems with the model that are experienced later in the analysis.
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Figure 3.4.10. Velocity Field at T = 10 ps, Top View
Figure 3.4. 10 shows a better view of the uneven votex patterns. This top view,
close-up of the orifice demonstrates more clearly the stronger vortex on the right side
than on the left. This phenomena is not necessarily an error in the solution as unsteady
vortex shedding is a real world occurrence with flows around blunt bodies, or in this case
a sphere of ink. The problem will arise however because of the symmetry plane. When
the computational grid is mirrored about the symmetry plane the stronger voticies will be
on the left side ofthe drops. This may cause an errant flow field adversely affecting the
drops, particularly drop #1.
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Figure 3.4.11. Ink Drops at T = 20 ps
The evolution of the forming drop continues at 20 ps, as represented in Figure
3.4.11. Here the velocity function, Figure 3.1.1, has just gone through the first negative
cycle and ink is being drawn back into the chamber. The momentum in the initial flow of
ink and the surface tension forces are forming the necking action of the droplet tail. The
drop actually breaks free right around 23 ps.
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Figure 3.4.12. VelocityMagnitude at T = 20 ps
The velocity magnitude contours are shown in Figure 3.4. 12. The relatively
stagnate air outside the chamber and the ink within the chamber can be clearly seen. The
slight positive velocity of the drop just outside the orifice is similar in magnitude to the
negative velocity just inside the chamber. At the time of20 ps the piezo has just
completed its negative cycle of the piezo response velocity as seen in Figure 3.1.1. This
causes the maximum velocity magnitude seen in the orifices to be negative as ink is being
drawn back into the chamber.
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Figure 3.4.13. VelocityMagnitude at T = 20 ps, Slice K = 14
The symmetric nature of the drop formation can also be seen in the vertical cross
section of the velocity magnitude. Figure 3.4.13 shows the vertical mid-plane ofdrop #2.
The slightly increased velocity magnitude due to the swirling air behind and around the
drop can be seen. The overall vertical slice looks very similar to the horizontal cross
section for one ofthe orifices.
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Figure 3.4.14. InkDrops at T = 30 ps
The solution continues to 30 ps. At this time it appears that the drops are still
slightly attached to the ink within the chamber. This is slightly misleading as the drops
already broke free from the main ink flow. The massive air drag experienced by the free
drops slowed them considerably. At the time of 30 ps the piezo has just reached its
second maximum positive velocity peak. This accelerated ink in the orifices has slightly
rejoined with the free drops. This second surge of the piezo response can sometimes be a
major concern in inkjet design. If the initial pulse is strong enough the second surge will
create a second smaller drop which follows the initial drop. The study of these potential
satellite drops is often important in printhead performance evaluations.
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Figure 3.4.15. Ink Drops at T = 40 ps
The ink drops have completely broken free from the main body of ink by the time of 40
ps. This is also the time at which the piezo inlet velocity function is at its second
negative peak. This draws all of the ink from the printhead surface into the orifices and
towards the internal chamber. Now that the drops are free to continue through the air
space the problems of the uneven vortices and the symmetry boundary become more
apparent. Drop #1 can be seen moving towards the symmetry boundary in Figure 3.4.15
when it should be continuing on straight into the air space.
67
^_ BEEE-U1
B 3BE-UI
B U7E-U1
7 79E-U1
7 E.U E- U)
7 _] E-Ul
6S2E-U1
B BsE-m
BidE-U)
6 U BE - U ]
E 77E-U1
E 4BE-UI
E19E-01
j 9UE-U1
j B] E-Ul
4 33E-U]
4 UdE-O]
3 7EE-1J]
3 dBE-UI
317E-IM
2- 6BE-U]
i BllE-U]
2 SI E-Ul
2 U2E-U1
] 73E-U]
] 4141 E- Ul
| ] JEE-U1
&BEE-U2
E77E-U2
2BBE-U2
U UUE'UU
t
_D Printhead Chamber Jun 0!3 199B
Ink Volume Fraction Fluent 4.4 4
Lrnax Q Ei5DE-0l Lrnin u OOOE'OO l,me 4 000 E- 05 Fluent Inc.
Figure 3.4.16. Ink Drops at T = 40 ps, Side View of Slice I = 40
Figure 3.4.16 shows the side view of the drops at 40 ps. When compared to
Figure 3.4.7 it can be seen that drop #1 is indeed getting closer to the symmetry boundary
as time progresses. It almost appears as though drop #2 is also shifting slightly off a
straight path.
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Figure 3.4.17. Ink Drops at T = 40 ps, Top View
The top view of the drops, Figure 3.4.17 shows this phenomena evenmore
clearly. Here it very obvious that drops #1 and #2 are traveling on a path off the
centerline of the orifice. Drops #3 and #4 seem to be progressing as expected. This
problem is the same as was experienced in the 2D model. Clearly the three-dimensional
representation did not solve the problem as expected. It seems that the mid-plane
symmetry boundary may be incompatible with an accurate solution of the drops evolution
through the air.
69
1 4.23t[lO
1 4. D8C- Q Q ,
1 3.94E>uO
t 3.79E0B
3.65E-00 f i
3.50E00 !
3.35E.0D .
3 21E*00 -
3. D BE* 0 0
2.92E00
2.77E.IJ0
2 63E'0O
2.48E>00
2.33E.DB . -
219CB0 -
1 2.04O0II
j? I.9DO00
? ].?5E*D0
? !:"[!!!
P 1 O 1 r + rj n
I 1.17E-00
gfe 1 D2E'0O
B.7 BE- 01
3 7.30E-01
j 5.84E-01
1 4 3BE-01
f 293E-01
j 1.47E-D1
m
3D Printhead Chamber Jun 03 1998
i * Velocity Vectors (M/S) Fluent 4.4 4r Lmax 4.230E + 00 Lrnin 1.031_-Q3 Time 4.0GGE-G5 Fluent Inc.
Figure 3.4.18. Velocity Field Around Drop #3 at T = 40 ps, Top View
Figure 3.4.18 shows the velocity vectors at orifice #3 with the contour lines of
drop #3 superimposed. This plot, in comparison with Figure 3.4. 19 demonstrates the
exact cause of the problem. Here, vortex flows influence the drop from both sides as the
surrounding air is pushed aside and swirls back behind the drop. The velocity vectors
within the drop represent the relatively straight path of this drop. Drop #4 shows an
almost identical pattern. The velocity vectors around drop #1 show a clearly different
pattern. The influencing vortices of surrounding air are very predominant on the right
hand side of the drop and almost non-existent on the other side.
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Figure 3.4.19. Velocity Field Around Drop #1 at T = 40 ps, Top View
All of the vectors within the drop contour, representing the velocity of the actual
ink droplet, are not in the expected straight path. They are instead heading towards the
symmetry boundary. This phenomenon is obviously a result ofthe initial uneven vortex
patterns seen way back in Figure 3.4. 9 and 3.4-10. The strong vortex on the side ofdrop
#3 offsets the influence of the strong vortex on the right side ofdrop #4 resulting in
relatively a straight path for drop #4. The same is true for drop #3 and a little bit for drop
#2. Drop #1 however has the opposite effect. Since the drop that would be to the left of
drop #1 is in the symmetry plane, its strong initial vortex will be on the left instead of the
right. Instead of straightening out drop #1, it draws it even closer to the symmetry mid-
plane. These effects seem to be affecting drop #2 slightly as well.
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Figure 3.4.20. Ink Drops at T = 50 ps
These problems cannot be ignored, but a suitable solution is not readily available
at this time. The plot of the drops at 50 ps, Figure 3.4.20, still shows a relatively good
representation of the ink drops behavior. The solution up to this point has takenmore
than 10 hours ofpure computational time. The generation of the 3D chamber with
symmetry was very difficult and creating a full grid without the symmetry boundary may
not even be possible. The current grid uses the maximum amount of computational cells
allowed and is still coarser than it should be. It also takes more than 10 minutes to solve
each time step. The solution up to this point has successfully predicted the formation of
the ink drops and it will be continued. Although it appears that the evolution of drops #1
and possibly drop #2 may be incorrect, drops #3 and #4 may still be somewhat accurate.
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Figure 3.4.21. Ink Drops at T = 60 ps
The path of drop #1 becomes even clearer as the time goes on. Figures 3.4.21-23
show the times of 60, 70 and 80 ps. By the time of 80 ms, drop #1 is beginning to cross
through the symmetry boundary. The fluctuating surface of the orifices and the thin layer
of ink that keeps emerging out over the printhead surface can also be observed here. The
piezo response is getting very close to damping out and the motion of the ink in the
orifices is getting closer to a steady state.
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Figure 3.4-22. Ink Drops at 70 ps
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Figure 3.4.24 Velocity Field at T = 80 ps
Figure 3.4.24 shows the velocity vectors with the contour lines of the ink drops at
the time of80 ps. Drop #1 is on an even stronger path towards the symmetry boundary.
Drop #2 is also beginning to join the side sweeping flow pattern. Figure 3.4.25 and
Figure 3.4.26 compare the velocity vectors for drop #1 and drop #4. The difference is
very obvious. Drop #4 does seem to still be on a relatively straight path as expected. The
vectors for drop #3 are very similar to #4. Although the vectors ofdrop #2 is not as
extreme as #1 they do show a somewhat similar side sweeping velocity.
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Figure 3.4.26. Velocity Field Around Drop #4 at T = 80 ps, Top View
The full three-dimensional model was very successful in predicting droplet
formations. The flow of the ink through the complicated interior chamber and then out
through the orifices was simulated very well. There was enough momentum transfer and
proper balance of surface tension forces to allow the ink drops to break free from the
main flow of ink. The piezo response function, which was ultimately responsible for the
droplets, seemed to be very appropriate. There were no secondary drops formed, no
unexpected ink leakage outside of the chamber and no air bubbles were drawn into the
chamber. The validity of the initial drops will be evaluated in the next chapter, CFD
Results. However, from initial observations of the ink droplets equal size distributions
and the initial velocity vector fields, it appears the results are good.
The evolution of the drops through the air was not as successful as noted
earlier. The same problem that arose in the 2D model was also present here. This
suggests that the initial hypothesis in chapter 3.3 was incorrect. The three-dimensional
swirling nature of the flow is not necessarily responsible for the unsuccessful 2D model.
It does seem that the symmetry boundary and the non-symmetrical vortex patterns are
incompatible. Future experimentation with a full scale 2D model, using all 8 orifices
might help to support this. A full scale 3D model may also be attempted, but as stated
earlier, the computational times will be extremely high and the grid would have to be
somewhat coarse since the maximum grid size was necessary for modeling only one half
of the full 3D cavity and air space.
Figure 3.4.27 shows the droplet formations from the initial time, T = 0, to
the time of 90 ps. This gives a good view of the droplet formation process and the
fluctuating surfaces within the orifices caused by the oscillatory nature of the piezo
response.
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3.5 Analysis ofCFD Results
The original objective of the entire CFD analysis was to observe the droplet
formations and ultimately to determine the velocity and diameter of those droplets. The
post processing of the data files in FLUENT was done to achieve these results.
The diameter of the droplet formations was determined using the volume of the
ink for each particular drop. Knowing the volume makes it simple to calculate the
diameter, assuming the drops are approximately spherical. Under this assumption the
diameter is:
D = 2xW 7~
xl6
i3-5'1)
This gives the diameter in pm, with a volume input ofm3. The two dimensional
model requires a slightly different Equation since the drops are represented as cylinders
of a unit width rather than spheres. For this model the Equation for the diameter is:
D = 2xJ-xl05 (3.5-2)
The volume of each individual drop can be obtained two different ways using
FLUENT. The first, and easiest, is to use the numeric output for total mass of each
phase. This reports the total mass of the air and the total mass of the ink in the
computational field. The "patch" command can be used to isolate each individual drop,
by patching the rest of the field to a volume fraction of zero. The mass value reported
can then be used to calculate the volume of the drop with the known density of 1090
kg/m3. The second method to obtain the drop volume is to use the numeric output for
volume fraction and cell volume at each individual cell. This is a much more time
consuming method but is somewhat necessary due to the methods used later in
determining the velocity of each drop. An array of blocks representing computational
cells is used to multiply the volume fraction of ink in each cell by the volume of that cell
and then sum up the individual volumes for all computational cells that contain part of
79
the drop in question. The results of this method were compared to the firstmass report
method and showed almost identical results.
The method used to determine the velocity of each drop is a volume weighted
averaging technique. The previously calculated volume of ink in each cell is multiplied
by the velocity of that cell. These values are summed over the cells of interest and then
divided by the total volume of ink in those cells. This results in a volume averaged mean
velocity value for each drop.
Figure 3.5.1 shows an example of one array of cells. The red blocks are volume
fraction values. Each block represents one slice in the I direction and is an array of
volume fractions for various J and K values. The yellow blocks are arrays of cell volume
values for the corresponding cells. The purple cells represent the product of each
individual cell volume fraction and cell volume. Summing up these cells yields the total
volume for the given drop. The velocities were then calculated similarly as explained
above.
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Figure 3.5.1. Sample Array of Cells Used in Post-Processing Calculations
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The degree ofpost processing varied from model to model. The simple model
results were the diameter and velocity for the single drop at the time of 50 |_is and 200 (is.
All four drops were analyzed in the 2D model for the time T = 50 us. However only drop
#4 results can be used for the times of200, 400 and 600 us since the other drops did not
follow the expected straight path and actually merged. The full 3D model also analyzed
all four drops at the time of 50 us. This data will be the most significant when comparing
to the experimental measurements since this should be the most accurate predictions for
the initial drop formations. Data reduction was also done for the times of 100, 200, 400
and 600 on the 3D model.
The "simple" model, having only one drop that exits the computational field after
365 (is, did not have an extensive amount ofpost processing associated with it. The
diameters and velocities for this model are shown below in Table 3.5.1. This model was
used as a preliminary model to determine the feasibility ofFLUENT in analyzing drop
formation. Although they will probably be the least accurate, the results shown seem
very reasonable.
Table 3.5.1 Simple Model Results
Time (us)
mass method vol. fraction method
Diameter (um) Velocity (m/s)
50
200
54.39
54.48
54.39
54.43
3.26
3.03
The post processing for the 2D model was done initially for all four drops at 50 us
and at 200 (is. The data shown in Table 3.5.2 contains all of the final results. At the
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time of400 ms, drops #1 and #3 have merged. At this time, the data in the Table is not
presented for drop #1, but drop #3 represents the merged drops.
Table 3.5.2 2D Model Results
Time, T = 50 us
mass method vol. frac. method
Drop Diameter (Lim) Velocity (m/s)
1 52.48 50.81 2.09
2 49.60 49.08 1.54
3 49.03 48.54 1.99
4 49.60 49.50 2.40
Time, T = 200 us
Drop
mass method vol. frac. method
Diameter (Lim) Velocity (m/s)
1
2
3
4
49.59 49.59
49.07 49.07
48.85 48.92
49.59 49.81
1.79
1.11
1.58
2.26
Time, T = 400 us
mass method vo . frac. method
Drop Diameter (Lim) Velocity (m/s)
1
*** *** ***
2 49.47 49.40 0.86
3 71.88 69.40 1.57
4 50.37 50.36 2.13
The post processing for the full three dimensional model was the most elaborate.
Complete results were obtained for the times of 50, 100, 200, 400 and 600 (is. Drop #1
exits through the symmetry boundary between 100 and 200 us and drop #2 also exits
between 200 and 400 us. Therefore the data shown is only complete through 600 us for
drops #3 and #4. The complete set of results for the 3D model can be seen in Table 3.5.3.
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Table 3.5.3 3D Model Results
Time, T = 50 (is
mass method vol frac. method
Drop Diameter (um] Velocity (m/s)
1 46.46 46.46 0.73
2 46.47 46.46 0.57
3 47.23 47.23 0.64
4 47.23 47.21 0.78
Time, T = 100 us
mass method vol. frac. method
Drop Diameter (um) Velocity (m/s)
1 46.53 46.51 0.73
2 46.50 46.35 0.83
3 47.27 47.26 0.98
4 47.26 47.25 1.00
Time, T = 200 us
mass method vol. frac. method
Drop Diameter (um) Velocity (m/s)
1
*** *** ***
2 46.69 46.61 0.93
3 47.41 47.39 1.21
4 47.27 47.26 1.16
Time. T = 400
Drop
(IS
mass method
Diameter (u
vol
m)
frac. method
Velocity (m/s)
1
2
3
4
***
*?*
47.57
47.30
***
***
47.39
47.25
***
***
1.00
1.00
Time. T = 600 us
Drop
1
2
3
4
mass method vol frac. method
Diameter (um) Velocity (m/s)
*** *** ***
*** *** ***
47.34 47.27 0.75
47.26 47.21 0.79
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Summary ofResults
The post processing of the three FLUENT models shows reasonable results. The
Diameter results all fall in the same general range between 46 and 50 um, except for the
simple model which was slightly higher around 54 urn. The 2D model was consistently a
little higher than the 3D model for diameters as well. This is as expected. The
simplifications made with the simple and 2D models allow for a greater amount of ink to
pass through the orifices. The same pattern exists in the velocity values. The simple
model has the highest velocity by far with velocities around 3 m/s. The 2D model is next
with velocities averaging about 2 m/s and then the full 3D model with 1 m/s for an
approximate average velocity.
The evolution of the drops, particularly drops #1 and #2 in the 2D and 3D models,
did not behave as intended. However the FLUENT models did all predict the diameter
and initial velocities of the drops formed. The accuracy of these predictions is compared
to experimental measurements of actual drop formations from theUltraJet printhead.
The results of these comparisons are presented in Chapter 5.
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Chapter 4
Phase Doppler Particle Analyzer
4.1 Theory
A Phase Doppler Particle Analyzer (PDPA) is a sophisticated instrument which
utilizes light scattered by spherical particles to obtain size and velocity measurements in a
non-intrusive manner. Droplets pass through two intersecting laser beams, scattering
light that is detected by an optical system consisting of three detectors.
MEASUREMENT
VOLUME
LASER
BEAM
SPLITTER
Figure 4.1.1 PDPA Schematic
These detectors, located at selected spacings behind the receiver aperture, receive
this scattered light as a far field interference fringe pattern as seen in Figure 4.1.2. The
fringe spacing is directly proportional to the drop diameter. Other factors that influence
the spacing are light wavelength, beam intersection angle, refractive index ofdrop and
the location of the receiver in relation to the measurement volume. The fringe pattern can
be mathematically described by Equation 4.1-1.
Figure 4.1.2 Interference Fringe Pattern
The fringe spacing, 8, is defined by the laser wavelength, X, the beam separation,
s, the beam intersection angle, <j>, and the transmitter focal length,/ With this complete
theoretical description, there is no need to calibrate the system for each measurement
task.
X
5 =
2 sin
___. (4.1-1)
The fringes move past the detectors at the Doppler difference frequency
producing identical signals with a slight phase shift proportional to the fringe spacing.
The droplet size can be determined from an accurate measurement of this spatial
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frequency on the interference pattern. Each detector produces a Doppler burst signal,
shown in Figure 4.1.3.
CND
TIME
Figure 4.1.3 Doppler Burst Signal
There is a slight phase shift between each detector as seen in Figure 4.1.4. It is
this phase shift that can be directly related the drop size in a linear relationship. The
spatial frequency is inversely proportional to the particle diameter.
DET1
DET2
OET3
Figure 4.1.4 Burst Signal on all Three Detectors
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As the fringe pattern moves across the detectors, each corresponding edge of the
fringes are timed between detectors 1 and 3, and 1 and 2. Proper selection of detector
spacing allows for sensitivity ranges as seen on Figure 4. 1.5. This also allows for
additional testing ofmeasurements in the overlap region.
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Figure 4.1.5 Instrument Response Curve
The exact nature of the theoretical relationships between the diameter and the
spatial frequency of the fringe patterns is not presented here. For a detailed account of
the mathematical derivations refer to Bachalo and Houser [2].
The velocity of the drop passing through the probe volume is proportional to the
temporal frequency of the measured Doppler signal as described by Equation 4.1-2. This
velocity is only the component, u, perpendicular to the bisector of the two beams. In this
Equation, co_ is the Doppler frequency.
O7)dX%\\\0
u =
2k (4.1-2)
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4.2 PDPA Research
The Phase Doppler Particle Analyzer has been established as a non-intrusive
method for simultaneous measurements of particle size and velocity. W.D. Bachalo and
M.J. Houser has performed the majority of the work in this field in conjunction with both
Aerometrics and NASA. The need to form controlled sprays is very important for many
engineering applications and detailed local measurements ofvelocity and size
distributions are often necessary. Intrusive methods such as sampling and probe methods
are often undesirable, especially for very fine sprays.
The first account ofwork done was presented at the 20l Joint Propulsion
Conference in 1984 [3]. The development process and theory for this innovative new
method was presented. Monodisperse droplet streams were used to test the theory and
methods. Also size range selection methods were described and tested. It was
established that beam intersection angle and detector spacing could both be used to obtain
the same results. Polydispersed sprays were also measured and compared to
measurements made with other means showing good agreement. Figure 4.2.1 shows the
drop size distribution of a pressure atomizer. The plot is a comparison between PDPA
measurements and data supplied by the manufacturer of the atomizer.
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Figure 4.2.1 Drop Size Distribution ofPressure Atomizer
The consistency of the PDPA system was also verified experimentally. As stated
earlier adjusting the detector spacing is one way to change the range ofdroplet diameters
that can be detected. A spinning disk atomizer was used to measure the drop size
distributions with three different size ranges. These results, shown in Figure 4.2.2,
demonstrate the performance of the system.
O SIZE RANGE MAXIMUM 229 ftm
3.2 Mm BIN WIDTH
A SIZE RANGE MAXIMUM 114 Mm
1.6 Mm BIN WIDTH
SIZE RANGE MAXIMUM 76 am
1.1 Mm BIN WIDTH
20 40 60 80
DROP DIAMETER. Mm
100 120
Figure 4.2.2 Spinning DiskAtomizer Size Distributions
with Various Range Selections
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The potential characteristics of the PDPA system were demonstrated. These
include the linear relationship between the measured phase difference and the drop size
and the simultaneous measurement of the diameter and velocity. Also it was established
that the drop range was 3 to 3000 microns. The system was relatively insensitive to beam
and light scatter attenuation and showed a high spatial resolution. Bachalo and Houser
formally present the PDPA theory and system in September, 1984 [4].
The PDPA, having been established for simultaneous size and velocity
measurements, was extended to the Sub-micron level [5]. This was done with
polystyrene latex spheres ofknow sizes. They were dispersed and measured. The
measurements with the PDPA showed good agreement. Smoke particles within a spray
and fine sprays produced by nebulizers were also measured. Once again the PDPA
showed good agreement with other measurement techniques.
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4.3 Equipment
The Phase Doppler Particle Analyzer used for experimentation is an Aerometrics
PDPA data acquisition system. The PDPA hardware consists of the transmitter, receiver,
signal processor and the traversing system. In addition to these main components, a PC
with the data collection hardware card and software installed as well as an oscilloscope
are used in the set-up and measurement process.
Figure 4.3.1 Model XMT-1100 Transmitter
The Model XMT-1 100-4S transmitter, Figure 4.3.1, contains a Spectra-Physics 10
miliwatt, polarized helium-neon laser. Optical components within the transmitter focus,
partition and collimate the laser beam. There are two possible collimation lenses, which,
in conjunction with a grating lens, control the beam expansion. This combination of two
beam expansions, three output lenses and three beam separations give a range of 1 8
possible configurations. This allows for a large range ofparticle sizes to be measured.
The output lens and collimating lens must be manually selected and installed, but the
grating lens traverse is controlled by internal DC motor which responds input ranges in
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the collection software. The transmitter can be set such that the split beams are vertical
or horizontal. This is necessary because the velocity measurement capability is limited to
a single direction component and requires the vertical spacing to measure vertical
velocity and the horizontal to measure a horizontal velocity component. The system will
use a 495 mm output lens and a 160 mm collimating lens. This combination, along with
the three different grating separations gives a drop measurement range between 2.0 and
300 microns.
The receiver, Figure 4.3.2, consists of a system of lenses that collect the
scattered light from a droplet passing through the measurement volume. There are
actually five separate lenses focussing on a spatial filter that is 100 microns wide by 1
mm long. There is a view port on the receiver with an imaging lens used for fine
alignment of the PDPA. A collimating lens, amask and a prism pack are located behind
the filter slit. Light is directed by this prism pack to select photomultiplier tubes. These
photomultipliers then convert the light to electrical signals to be sent to the signal
processor.
Figure 4.3.2 Receiver
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The PDP 3100 is a high-speed analog/digital signal processor that accepts
photomultiplier signals. There are three parallel, matched sets of filters and amplifiers
that condition the input signals. These analog signals are then digitally processed to
determine six separate phase relationships between the three channels. Channel 1 also
processes Doppler period and fringe count. This information is transferred to the data
collection software routines. The processor also tracks the elapsed time of acquisition
with a resolution of 2 microseconds.
The Aerometrics data collection software processes the digital information from
the processor into useful output. This output contains velocity and diameter information
as well as probe volume, acquisition time, sample counts and validation criteria. There
are modules in the software for off-line data analysis, optic configuration, data reduction
and user documentation.
An oscilloscope can be used in conjunction with the signal processor to ensure
reliable operation. Signal traces on the scope are used for alignment problems and
instrument settings. The outputs from the signal processor that can be monitored with the
oscilloscope are the raw, filtered and log signals that photomultipliers are sending.
Observation of these signals is necessary for alignment of the PDPA.
The final system component is a three axis, motor controlled, traversing system.
This allows for a precise location and motion of the probe volume. Adjustments can be
made on the order of 0. 1 mm.
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4.4 Set-Up/Measurement Procedures
The first part of the set-up procedure is the receiver orientation. There are three
basic orientations that can be used for data acquisition, forward, side and back scatter. In
addition reflection or refraction can be chosen as the primary mode of data acquisition.
Since the ink droplets are opaque, the reflection mode will be used. The most common
orientation set-up is a forward scatter with a 30 offset, which is the setup that will be
used here. This is shown in Figure 4.4. 1 . The distance to the transmitterwill be the 495
mm, corresponding to the 495 mm transmitter output lens.
-49S mm
'
200 mm
MCUNT1N6 PUTS DIMENSIONS
6" X
16'
MOUNTING P1.ATE DIMENSIONS
6' X
I6-
Figure 4.4.1 PDPA Orientation Set-Up
After the initial orientation is set-up and all components of the PDPA system are
properly connected, the power is turned on and the online data acquisition software is
initiated. The initial location of the probe volume is determined with simple
measurements as in Figure 4.4.1.
Signal quality is the key to proper alignment and ultimately good measurements.
An oscilloscope is used to monitor the raw PMT signals in attempt to produce good
Doppler bursts. A simple water spray is used initially to trigger the detectors and observe
the Doppler signals. Figure 4.4.2 shows some sample signals and the possible problems.
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HIGH QUALITY. HIGH
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HIGH QUALITY,
-45% VISIBILITY
HIGH QUALITY, LOW
t~7%) VISIBILITY
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MISALIGNED FROM
BEAM CROSSOVER
SEVERELY MISALIGNED
OFF BEAM CROSSOVER
TRUNCATED; PINHOLE
TOO SMALL OR BEAM
NOT FOCUSSED
SIGNAL SATURATED EXCESSIVE BACKGROUND
D.C. LEVEL
MULTIPLE PARTICLES
Figure 4.4.2 Raw Doppler Signal Shapes
The transmitter location , the maximum voltage input and the detector spacing
must all be checked and adjusted ifnecessary. These adjustments are made until the
Doppler bursts are clear. Next, the filtered signals must be checked and the velocity
range must be adjusted. This velocity range selection is actually a selection of several
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different high pass filters. The proper range must be chosen for the given spray to
produce a high quality signal as seen in Figure 4.4.3. Shown here are also some poor
signals and the potential problems associated with them.
HIGH QUALITY
SATURATED
HIGH PASS SET TOO
LOW. PEDESTAL
LEAKAGE
<4W**/*
LOW SIGNAL-TO-
NOISE RATIO
EXCESSIVE D.C.
MULTIPLE PARTICLES
Figure 4.4.3 Filtered Signal Shapes
Finally, it is very important to be sure that the spatial filter is not clipping the
probe volume. This is done by looking through the viewport on the transmitter and
manually focusing the image. There are fine adjustment screws to move the image until
it appears as the lower right image in Figure 4.4.4. This is the condition of proper
alignment.
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Image not at the crossoverpoint Image out offocus andnot at the crossoverpoint
Image not aligned to the center of the slit Image perfectly aligned
Figure 4.4.4 Spatial Filter in Viewport
The PDPA system is ready for on-line data acquisition once the spatial filter is
focused and good signals are being seen on the oscilloscope. TheUltraJet printhead is
mounted near the probe volume such that it is firing straight down. The printhead is then
primed with the glycol ink and test firings are made to be sure that all orifices are firing.
A small piece ofmonofilament and a weight is suspended from the printhead. This
allows for a more accurate location for the probe volume as the laser beams and their
intersection point can be seen in the monofilament. The traverse controller is used to
move the probe volume in increments of 0.100 mm. This is done until the probe volume
is as close to the printhead surface as possible without interfering with the beam
crossings.
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The printhead has a vibrate feature that allows for a continuous spray of ink out of
the orifices. This is used for final alignment and focussing purposes. Once the PDPA
Doppler bursts are clear and the spatial filter is centered, the measurements can be made.
A variety ofmeasurement samples were made along the printhead, and occasional
refocusing of the spatial filter had to be done. The measurements were made using a
manual test fire, which only fires a single pulse for each orifice. This test fire was
triggered until 100 successful measurements were made for each set of data samples.
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4.5 PDPA Results
The results were relatively consistent. The PDPA software has internal validation
checks that reject bad data for reasons such as out of range measurements, excessive
noise and multiple particles. All data plots with a 95% or better validations were used to
obtain an average value for the diameter and velocity of the droplets. Figure 3.5.1 shows
a sample data plot. There are various mathematical methods used for determining the
different diameters. The Sauter Mean diameter will be used here.
2.3 21.7 41.1 68,6
Diaaetei1 um
0.43 8.94 1.45 1.96
Velocity 1 m/s
An time tic Mean (D10) =
Area Mean <D2_) =
Uolime Mean (930) =
Sauter Mean
Probe Area
Nu*ki> Density
Vol. Flow Rate
Volime Flux
(D32) =
RMS =
t
& l 6 J
3.3E+1
1.6E-7
7.4E-5
Transit lines PVC Transit
41.7 un
41.7 u
41.8 um
41.8 um
0.0 UM
cm2
/cc
cc/s
_./s/cm2
ND
Attests = 181
Validation- ( /)= 188
Corrected Count = 114
fan Tine = 22.47 Sec
CHI Velscit, Mean
RMS
0.706 m/s
0.829 m/s
2.46
Figure 4.5.1 PDPA Data Output Sample
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The rest of the output sheets are located in Appendix A, and all show a very
similar result. Table 4.5.1 shows the values from the various samples and the final
average value that will be used in the data comparison with the CFD results. These data
samples were taken approximately 5 mm down from the from the printhead surface. The
printhead was fired under normal operating conditions which corresponds to the piezo
response used in the CFD modeling. The standard glycol ink was used at the heated
operating temperature.
Table 4.5.1 PDPA Results
Diameter (um) Velocity (m/s)
41.7 0.951
40.8 0.550
41.2 0.480
41.1 0.483
41.9 0.703
41.8 0.882
40.7 0.496
45.1 1.318
38.1 0.450
36.7 0.477
40.91 0.679 Average Values
These average values will be used as a baseline comparison to the CFD results.
These values should not be taken as absolutes, however. The PDPA is a very sensitive
instrument and each slight realignment can produce slight errors. Also, the exact location
of the measurement volume in relation to the actual orifices is very difficulty to find.
More sensitive optical equipment would be required for more precise location
measurements due to the near microscopic size of the orifices. These values are simply
going to be used as a representative average for the purpose of evaluating the
performance of the CFD models.
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Chapter 5
Comparison ofCFD
and Experimental Results
The results of the CFD analysis, all three models, and the data obtained from the
PDPA are compared to determine the success of the CFD models. Table 5.1.1 shows a
simple comparison of the average values from the CFD analysis with the values from the
PDPA measurements.
Table 5.1.1 Averaged Results
CFD
Droplets PDPA Simple 2D 3D
Diameter (um)
% difference
40.91 54.41
33.00%
49.51
21.02%
47.01
14.90%
Velocity (m/s)
% difference
0.679 3.15
363.18%
1.78
161.52%
0.87
28.73%
The 3D model is clearly the best of the three when compared to the PDPA
measurements. The diameters of all three models are very close ranging from only a 15%
difference with the 3D model to the 33% difference of the simple model. Considering the
complex nature of the momentum exchange and the surface tension forces which all act
to determine the droplet size, it seems that the CFD models were all successful. The
velocity results, however, are not as good. The simple model greatly overestimates the
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velocity. This is obviously due to the extreme simplifying assumptions made in this
model. Clearly the viscous and pressure effects within the chamber affect the droplet
formation. The 2D model is slightly better and the 3D model is actually quite good. The
velocity fields are quite a bit more complicated than the diameters and need to be
examined more closely (see Figure 5.1.2).
The diameter data from the CFD analysis was plotted along with the PDPA data.
This is shown in Figure 5.1.1. The Diameters from the CFD models are plotted as
functions of time. The simple model is represented in red, the 2D in green and the 3D in
blue. Various shapes are used to differentiate between drops in the later two models.
The PDPA data is presented as a random sampling ofdiameter measurements and then
one solid line to represent the average value.
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Figure 5.1.1 Diameter Data Plot
As expected, the diameters are all pretty consistent over time. The simple model
shows the largest diameters and then the 2D and finally the 3D model is the smallest
which makes it the closest to the PDPA data. In both the 2D and 3D models drop #4 is
slight larger than drop #2, which gets slowed and changes direction in both models. Drop
#3 in the 3D model is very consistent with drop #4. These comparisons are almost the
same on the velocity plot.
Figure 5. 1 .2 is a velocity plot generated in the same way as the diameter plot, with
the color and shape representations for the various models and drops as functions of time.
Once again the PDPA data is simply random points in time and the line represents the
average value calculated.
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Figure 5.1.2 Velocity Data Plot
The velocity plot follows the same trend between models as the diameter plot did,
with the simple model having the highest velocity and the 3D model with the lowest
velocity. Once again the 3D model was closest to the PDPA measurements. Drop #4 has
a consistently higher velocity in both models. This is due the effects of the swirling air
which slow and change the directions of the drops #1 and #2. Where the diameter plot
showed consistent results from which logical conclusions about the success of the CFD
models could be drawn, the velocity plot serves to openmany questions. The first is
overall apparent deceleration of the droplets. As the time goes on all three models show
the drops continuing to decelerate. This is obviously due to the air drag being created as
the drops progress. The point at which the air drag and gravitational acceleration balance
out to a somewhat steady velocity is unknown. The PDPA data is most probably at a
point beyond the time frame represented on the plot. Due to the crossing beams required
for the probe volume, the location of the PDPA measurements ended up being
approximately 5mm below the surface of the printhead. The air space extending in the
CFD models was only around 2mm. Due to the grid size constraints and the eventual
skewed path of the drops, this could not be extended far enough to correlate between
PDPA measurements at further distances.
A second observation is the initial acceleration of the drops in the 3D model. The
velocities actually increase for all drops between 50 and about 200 p.s. The cause of this
acceleration is unknown. It could simply be that there was enough initial momentum
from the piezo to accelerate the drops much more than the air drag could slow then in the
beginning. It could also be a result of the strange swirling airflow created.
Overall, the results between the Three CFD models and the PDPA measurements
compare rather well. Once again, the complicated nature of the delicate balance of
momentum transfer, surface forces and time dependence required to simulate the droplet
formation must be considered.
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Chapter 6
Conclusions
The main accomplishment of this study has been to open the door for the use of
Computational Fluid Dynamics, specifically FLUENT, in the area droplet formation.
The solutions to the CFD models presented here do not necessarily make themselves
readily available for immediate design considerations in piezo element inkjet printing, but
the do show the potential. It has been established that FLUENT can predict the initial
velocities and the diameters of ink drops created within a piezo element inkjet printhead
within 30% accuracy for the velocity and 15% for the diameter.
The complete 3D model was extremely time consuming and difficult, both in initial
grid generation and computational time. The other, easier models, prove to be much
more economical and still show a good degree of accuracy.
The major obstacle in this study has been the incompatible symmetry boundary
conditions. The non-symmetrical swirling flows have made this seemingly symmetric
problem much more difficult. The evolution of the drops after the initial formation has
been mostly unsuccessful. Although drops #3 and #4 did behave rather well in the full
3D model, a better solution needs to be found.
There are many directions that this study could take for future work in both CFD and
piezo printhead analysis and design. The first would obviously be amore successful
model. The computational time, the grid size memory requirements and the difficult
nature ofmapping a complicated geometry make the full 3D model an unlikely candidate
for future work. The 2D model may prove to amuch more reasonable approach to
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solving the drop evolution problem. A full 2D grid with no symmetry could be created
and used much more easily.
A 3D-model study of the internal geometry, however, could also be very useful. One
of the major problems facing the design ofprintheads is air cavitation within the ink
chambers. The CFD solutions could be very powerful in better understanding internal
pressure gradients and flow response to the piezo input.
Finally other suggestions include PDPA studies of droplet velocity evolution, PDPA
and CFD studies ofvarying piezo response inputs and possibly the effects of a
temperature dependent viscosity ink both within the chamber and in the droplet.
In conclusion, it has been established that the FLUENT CFD software has the
capability to solve the droplet formation problem with inkjet printheads.
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Appendix A
PDPA Data output
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Corrected Count = 114
Run Tine - 14.26 Sec
CHI Velocity Mean =
RNS =
0.480 m/s
0.032 m/s
C:NPDPANPDPDATASSETUPNDR0PSNIiUN18
Hns PRINTING DAV
F= DATA ACQUISITION
49.0
2.3 21.7 41.1 60.6
Diameter um
0.53 0.85 1.16
Velocity 1 m/s
= 8 JUL 1997 15:53:07 qi
Arithmetic Nean (D10) -
Area Mean (.20) _
Volume Nean (D30) =
Sauter Mean (D32) =
RNS --
Probe Area = 2.9E-3
Number Density = 3.1E+1
Vol. Flow Rate = 2.2E-7
Volume Flux = 7.6E-5
Transit Times PVC Transit
40.8 um
40.9 um
40,9 um
41.1 UM
0.0 UM
cm2
/cc
cc/s
cc/s/cm2
ND
80.0
Attempts = 100
Validations^/.): 100
Corrected Count = 105
Run Tine = 15.69 Sec
CHI Velocity Mean
RNS
0.483 m/s
0.030 m/s
1.48
C :\PDPASPDPDAIASSEIUPNDR0PSSRUN19
Nns PRINTING
f= DATA ACQUISITION
70.0
2.3 21.7 41.1 60.6
Diameter um
0.53 0.85 1.16
Velocity 1 m/s
8 JUL 1997 15:58:19 qi
Arithmetic Nean (D10) = 41.6 um
Area Mean (D20) = 41.7 um
Volume Mean (D30) = 41.7 um
Sauter Mean (D32) = 41.8 um
RMS = 0.0 um
2.2E-3 cm2
5.1E+1 /cc
3.2E-7 cc/s
1.5E-4 cc/s/cm2
ND
Probe Area
Number Density
Vol. Flow Rate
Volume Flux
Transit limes PVC Transit
80.0
Attempts = 104
Validations! 9te)= 100
Corrected Count = 112
Run Tine = 11.67 Sec
CHI Velocity Mean
RNS
0.882 m/s
0.023 m/s
1.48
C:\PDPASPDPDATASSETUP\DR0PS\RUN22
Mns PRINTING DAV
F= DATA ACQUISITION
2.3 21.7 41.1 60.6
Diameter um
26
C
0
U 13
N
T
0.22 0.53 0.85 1.16
Velocity 1 m/s
8 JUL 1997 15:56:21 i
Arithmetic Nean (D10) = 41.8 um
Area Mean <D20> = 41.8 um
Volume Nean (D30) = 41.8 um
Sauter Mean (D32) - 41.9 um
RMS = 0.0 um
2.6E-3 cm2
2.7E+1 /cc
2.1E-7 cc/s
7.9E-5 cc/s/c2
ND
Probe Area
Number Density
Vol. Flow Rate
Volume Flux
Transit Times PVC Transit
80.0
Attempts = 101
Validations! 99v.)= 100
Corrected Count = 107
Run Tine = 17.30 Sec
CHI Velocity Mean =
RMS =
0.703 m/s
0.045 m/s
1.48
C:\PDPA\PDPDAIA\SEIUP\DR0PS\RUN21
Nns PRINTING DAV
F= DATA ACQUISITION
53.0
2.3 21.7 41.1 60.6
Diameter um
0.53 0.85 1.16
Velocity 1 m/s
= 8 JUL 1997 16:02:40 i
Arithmetic Nean (D10) =
Area Mean (D20) =
Volume Nean (D30) =
Sauter Mean
Probe Area
Number Density
Vol. Flow Rate
Volume Flux
(D32) =
RMS =
3.0E-3
3.4E+1
2.4E-7
7.8E-5
Transit Times PVC Transit
40.5 um
40.6 um
40,6 um
40.7 um
0.0 um
cm2
/cc
cc/s
cc/s/cm2
ND
80.0
Attempts = 100
Validations(100*/.)= 100
Corrected Count = 105
Run Tine - 14.32 Sec
CHI Velocity Mean =
RMS =
0.496 m/s
0.073 m/s
C:SPDPA\PDPDAIA\SETUPSDR0PS>JIUN23
tins PRINTING DAV
j= DATA ACQUISITION
107
8 JUL 1997 16:34:82 q
21.7 41.1 60.6
Diameter um
Arithmetic Nean (D10) =
Area Mean (D20) =
Volume Nean (D30) =
Sauter Mean (D32) -
RNS =
Probe Area = 2.1E-3
Number Density - 2.7E+1
Vol. Flow Rate = 2.8E-7
Volume Flux = 1.3E-4
Transit Times PVC Transit
45.0 um
45.0 um
45.0 um
45.1 um
0.0 UM
cm2
/cc
cc/s
cc/s/cm2
m
80.0
Attempts = 100
Validations(100/()= 108
Corrected Count = 114
Run Tine = 16.10 Sec
CHI Velocity Mean =
RMS -
1.318 m/s
0.028 m/s
.87 1.53 2.18 2.84 3.50
Velocity 1 m/s
C:SPDPANPDPDATA\SETUP\DR0PS\RUN27
11ns PRINTING DAV
F= DATA ACQUISITION
64.0
2.3 21.7 41.1 60.6
Diameter um
0.22 0.53 0.85 1.16
Velocity 1 m/s
9 JUL 1997 15:47:37 1
Arithmetic Nean (D10) = 38.0 um
Area Mean (D20) = 38.0 um
Volume Nean (D30) = 38.1 um
Sauter Mean (D32) = 38.1 um
RNS = 0.0 UM
Probe Area = 2.3E-3 cm2
Number Density - 6.2E+1 /cc
Vol. Flow Rate = 1.8E-7 cc/s
Volume Flux = 7.7E-5 cc/s/c2
Transit Times PVC Transit ND
Attempts = 100
Validations!!-.1/.): 100
Corrected Count = 115
Run Tine = 15.76 Sec
CHI Velocity Mean -
RMS -
0.450 m/s
0.041 m/s
C :SPDPA\PDPDATASSETUPNDR0PS\RUN29
Hns PRINTING DAV
if= DATA ACQUISITION
58.0
2.3 21.7 41.1 60.6
Diameter um
0.22 0.53 0.85 1.16
Velocity 1 m/s
9 JUL 1997
Arithmetic Nean (D10) :
Area Mean (D20) -
Volume Nean (D30) =
Sauter Mean (D32) =
Probe Area
Number Density
Vol. Flow Rate
Volume Flux
RNS :
2.2E-3
5.7E+1
1.4E-7
6.2E-5
Transit Times PVC Transit
15:52:00 =a
36.7 um
36.7 um
36.7 um
36.7 um
0.0 UM
cm2
/cc
cc/s
cc/s/cm2
ND
80.0
Attempts = 100
Validations(100'/.)= 100
Corrected Count = 117
Run Tine = 17.99 Sec
CHI Velocity Mean
RNS
0.477 m/s
0.030 m/s
1.48
C : SPDPA\PDPDATA\SETUP\1)R0PS\RUW38
Nns PRINTING

